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Abstract 

We suggest a new scheme for the introduction of formfactors for the SU{4) chiral meson La- 
grangian approach to the J/ip breakup cross sections by pion and rho meson impact. This mesonic 
formfactor scheme respects the fact that on the quark level of description the contact and the 
meson exchange diagrams are constructed by so-called box and triangle diagrams which contain 
a different number of vertex functions for the quark-meson coupling. We present a model calcu- 
lation for Gaussian vertex functions within the meson formfactor scheme and compare the results 
with those of the usual global formfactor model. We calibrate the new meson formfactor model 
with results for the pion impact processes from a relativistic quark model calculation by Ivanov et 
al. and present predictions for the p-meson induced processes. We provide a fit formula for the 
resulting energy-dependent cross sections. 
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I. INTRODUCTION 



The J /if) meson plays a key role in the experimental search for the quark-gluon plasma 
(QGP) in heavy-ion collision experiments where an anomalous suppression of its production 
cross section relative to the Drell-Yan continuum as a function of the centrality of the collision 
has been found by the CERN-NA50 collaboration [1]. An effect like this has been predicted 
to signal QGP formation ^ as a consequence of the screening of color charges in a plasma 
in close analogy to the Mott effect (metal-insulator transition) in dense electronic systems 
[2I. However, a necessary condition to explain J /if) suppression in the static screening model 
is that a sufficiently large fraction of cc pairs after their creation have to traverse regions 
of QGP where the temperature (resp. parton density) has to exceed the Mott temperature 
Tjy^ tt ~ 1.2 — 1.3 T c 0, Q for a sufficiently long time interval r > Tf, where T c ~ 190 
MeV is the critical phase transition temperature and Tf ~ 0.3 fm/c is the J/if> formation 
time. Within an alternative scenario 6|, J/if> suppression does not require temperatures 
well above the deconfinement one but can occur already at T c due to impact collisions by 
quarks from the thermal medium. An important ingredient for this scenario is the lowering 
of the reaction threshold for string-flip processes which lead to open-charm meson formation 
and thus to J /if) suppression. This process has an analogue in the hadronic world, where 
e.g. J/ip + 7i^D* + D + h.c. could occur provided the reaction threshold of AE ~ 640 
MeV can be overcome by pion impact. It has been shown [3, Q] that this process and 
its in-medium modification can play a key role in the understanding of anomalous J /if) 
suppression as a deconfinement signal. Since at the deconfinement transition the D- mesons 
enter the continuum of unbound (but strongly correlated) quark- antiquark states (Mott- 
effect), their spectral function is broadened and the relevant threshold for charmonium 
breakup is effectively lowered so that the reaction rate for the process gets critically enhanced 
9J. Thus a process which is almost negligible in the vacuum may give rise to additional 
(and therefore anomalous) J /if) suppression when conditions of the chiral/ deconfinement 
transition and D- meson Mott effect are reached in a heavy-ion collision. The dissociation 
of the J I if) itself still needs impact to overcome the threshold which is still present but 
dramatically reduced. 

For this alternative scenario [7j to work the J / if) breakup cross section by meson impact is 
required and its dependence on the masses of the final state D- mesons has to be determined. 
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After the first calculations of this quantity within a nonrelativistic potential model (NPM) 
[lo| and its systematic improvement JJJ, the relativistic quark model (RQM) calculation 
suggested in [l2j could recently be completed for J ftp dissociation processes by pion impact 
[131 ] . Both approaches result in energy dependent cross sections with a steep rise to a 
maximum of the order of 1 mb close to the threshold followed by a fast drop. This agreement 
in shape and magnitude is a nontrivial result since the NPM contains quark and gluon 
exchange diagrams only at first Born order whereas the RQM includes meson exchange 
diagrams between the colliding mesons, which correspond to ladder-type resummation of 
gluon exchanges. 

Shortly after the publication of the NPM results, a chiral Lagrangian (CL) approach to the 
problem of J/ip dissociation has been suggested [l4j which resulted in qualitatively different 
predictions for the magnitude and the energy dependence of the dissociation cross sections: 
a monotonously rising behaviour which reached the level of 1 mb only about 400 MeV above 
the threshold. In this work, however, important processes have not been considered and 



subsequent, more systematic developments of the CL approach [15 



3 0, Q, 
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2(j have 



revealed the importance of D* meson exchange and contact diagrams. Their inclusion lead 
to a steep rise of the cross section at the threshold to a level of several tens of millibarns fol- 
lowed by a continuous rise with increasing energy. It has been admitted, however, that this 
monotonously rising behaviour of the cross section is an artifact of the treatment of mesons 
as pointlike particles in the CL approach. Phenomenological formfactors have therefore 
been introduced in order to take into account the finite size of meson-meson vertices due to 
the composite nature of the mesons. Unfortunately, the results of the formfactor-improved 



CL models (FCLM) appear to be 



the meson-meson vertices 
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strong 
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dependent on the choice of those formfactors for 
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231 ] . This is a basic flaw of these approaches 



which could only be overcome when a more fundamental approach, e.g., from a quark model, 
can determine these input quantities of the chiral Lagrangian approach. There have been 
attempts to reduce the uncertainties of the FCLM by constraining the choice of the formfac- 
tor using a comparison with results of the NPM approach which makes use of meson wave 



functions 
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In the present work we suggest a formfactor model which takes into account the different 
sizes of mesons in the collision by meson-dependent range parameters and accounts for the 
fact that in a RQM the contact diagrams are represented by a quark loop containing four 



3 



mesonic wave functions (box diagram) which suppress the transition amplitude at high mo- 
mentum transfer, while meson exchange diagrams are represented by the product of triangle 
diagrams containing six meson wave functions. We calibrate the parameters of this meson 
formfactor model by comparison with a RQM calculation of the J/if> dissociation by pion 



impact 13]. On the basis of this newly developed meson formfactor CL (MFCL) model 
we make a prediction for the rho- meson impact dissociation processes of the J /if) meson. 
We suggest that this MFCL model can be applied for the calculation of the in-medium 
modification of the J / if) breakup due to the Mott-effect for mesonic states at the deconfine- 
ment/chiral restoration transition according to the quantum kinetic approach suggested in 



and provide an explanation of the anomalous J / if) suppression effect observed in heavy- 
ion collisions at the CERN-SPS [1]. The MFCL approach developed here can be applied also 
to J /if) dissociation by nucleon impact which is of central importance for the quark matter 
diagnostics under dense nuclear matter conditions as, e.g., in the planned CBM experiment 
at FAIR Darmstadt or at NICA Dubna. 

II. J/ip BREAKUP CROSS SECTIONS FOR vr AND p MESON IMPACT FROM 
THE CHIRAL LAGRANGIAN APPROACH 



The effective Lagrangian approach we employ in the present study is developed in Ref. [17] 
based on the minimal 577(4) Yang-Mills Lagrangian including anomalous parity interactions 
which are connected to the gauged Wess-Zumino action, namely ir+J/if) — > D+D, 7i-\-J/ip —>■ 
D* + D* and p+J/ip^D* + D. The processes we discuss in the following on this basis 
are thus 

J/ip + n -> D + D,D* + D,D + D*,D* + D* (1) 
J/ip + D + D,D* + D,D + D*,D* + D*. (2) 

The corresponding cross sections after averaging (summing) over initial (final) spins and 
including isospin factors can be represented in a form given by 



1 ~TT ^A fe ...\iM*\> \[ N^ kX ' k (p k ) . ..N^( Pl ) , (3) 
J.Ji k 1 



dt 647rsp^ 



cm ± s ± i 
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where the s, t, u are the standard Mandelstam variables, 

2 [s - (mi + m 2 ) 2 ][s - (mi - m 2 ) 2 ] 

is the squared momentum of initial state mesons in the center-of-momentum frame. In Eq. 
(j3J) we have introduced the projectors 

N£ X \ q )=(g XX '- q -X-)=e\ q ).^'( q ) (5) 
V m k ) 

corresponding to each involved vector particle of species k and their relationship to the 
polarisation vectors e x (q) employed, e.g., in Ref. 17|. This notation makes explicit that 
each amplitude contributing to the differential cross section (J3J) is manifestly gauge invariant 
p Afe MA fc ...A i = 0. The factors I a and Jj result from averaging over initial spins and isospins, 
respectively. Their evaluation amounts to I s Ii = 3/2 for the processes in Eq. (DO) and to 
I s Ii = 9/2 for those in Eq. (j2J). The amplitudes Mx k ...x t = X^=i ^\l..x, °f the corresponding 
processes are collected in tables given in the Appendix. The index j specifies the diagram 
which contributes to a process with given initial and final states. In the tables we use the 
Q for the momentum of the exchanged D and D* mesons. For t— channel exchange we have 
Q = Pi — P3 while for u— channel exchange Q = P2 — P3 holds. The results for the energy 
dependent cross sections of the J /if) breakup processes by pion and rho-meson impact are 
shown in Fig. [TJ The unknown coupling constants of the chiral Lagrangian approach are 
fixed according to the scheme given in Ref. jl7| which is based on the SU(4) symmetry 
relations, the vector dominance model and the observed decay D* — > Dir. The resulting 
values of are given in the Table of Appendix [Bl 

As it has been discussed in the Introduction, the monotonous rise of the cross section 
with increasing energy has to be considered as an unphysical artifact of the neglect of 
the finite size of the mesons due to their quark substructure. In the following Section we 
suggest a new scheme for introducing hadronic formfactors which is based on the insight 
from the NPM (RQM) that they originate from the meson wavefunctions (Bethe-Salpeter 
amplitudes) involved in the representation of the meson vertices by quark exchange (quark 
loop) diagrams. 
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FIG. 1: (Color online) J ftp break-up cross sections by pion and rho-meson impact in the chiral 
Lagrangian model without formfactors. 

III. HADRONIC FORMFACTORS 



The chiral Lagrangian aproach for J/ip breakup by light meson impact makes the as- 
sumption that mesons and meson-meson interaction vertices are pointlike (four-momentum 
independent) objects. This neglect of the finite extension of mesons as quark- ant iquark 
bound states has dramatic consequences: it leads to a monotonously rising behaviour of the 
cross sections for the corresponding processes, see Fig. [Q 

This result, however, cannot be correct away from the reaction threshold where the tails 
of the mesonic wave functions determine the high-energy behaviour of the quark exchange 



fin the nonrelativistic formulation of [10|, 111]) or quark loop (in the relativistic formula- 

nn 

tion [12|, ll3() diagrams describing the microscopic processes underlying the J/tp breakup by 
meson impact. Since the mesonic wave functions describing quark- ant iquark bound states 
have a finite extension in coordinate- and momentum space, the J/ip breakup cross sec- 
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tion is expected to be decreasing function for high cm. energies of the collision. Such a 
behaviour has been obtained within NPM and RQM approaches to meson-meson interac- 
tions 



[iQ, 11, Q, Q]- In order to model such a behaviour within chiral meson Lagrangian 



m 
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221 ] which can be 



approaches one uses formfactors at the interaction vertices 
calibrated using quark model results for available processes. On this basis the cross sections 
for otherwise unknown processes can be predicted. When the amplitudes of all subprocesses 
are separately gauge invariant (see the discussion of Eqs. (j3J) and (jSJ) in Sect. [XT]) , the pro- 
cedure of their rescaling with different three-momentum dependent formfactors does not 
violate the gauge invariance of the chiral Lagrangian approach. However, the violation of 
the transversality requirement by assuming different formfactors for processes (which are 
not separately transveral as motivated for example by the relativistic quark model) should 
not be mismatched with a possible violation of the conservation laws by the considered 
processes. Due to the implementation of phenomenological formfactors our approach qual- 
ifies as an effective one for which conservation laws are fulfilled by the construction of the 
amplitudes for interaction vertices. 

A. Global formfactor ansatz 

The simplest ansatz for a hadronic formfactor disregards the specifics of different mesonic 
species such as the different radii of their wave functions. Following the definitions of Ref. 



151 ] . the formfactor of all the four-meson vertices given in the Appendix |A] i.e. those of 
the contact diagrams as well as those of the meson exchange diagrams is given in the same 
form. It is represented as a product of the three-meson vertices and intermediate meson 
propagation 

^4(q 2 )= [F 3 (q 2 )f • (6) 



In this formula, q 2 is given by the average value of the squared three-momentum transfers 
in the t and u channels 

1 r, 



q 2 = - 

H 2 



iPl - Ps) 2 + (P2 - Ps) 2 



Pi,c.m. Pf,c.m. • (7) 

Here, Pi }C . m . an d Pf, c .m. can be represented by using the Mandelstam variables s 

Plc.m. = ^(s-(mi + m 2 f)(s-(mi-m 2 ) 2 ), 

^-(s - (m 3 + m 4 ) 2 )(s - (m 3 - m 4 ) 2 ). (8) 



Pf, cm. 



For the three-meson vertices, we use formfactors with a momentum dependence in the 
Gaussian (G) form 

F 3 (q 2 ) = exp(-q 2 /A 2 ) , (9) 

motivated by the behavior of a mesonic bound state wave function. The results for the J/ ip 
breakup cross sections by light meson impact with this global formfactor model are shown 
in Fig. H 
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FIG. 2: (Color online) J ftp break-up cross sections in the chiral Lagrangian model with Gaussian 
global formfactors and range parameters A = 2 GeV (left panel) and A = 1 GeV (right panel). 



B. Meson formfactor ansatz 

In order to take into account the quark substructure of meson-meson vertices we suggest 
here a simple ansatz which respects the different sizes of the interacting mesons and the 
different quark diagram representations in terms of quark box and quark triangle diagrams. 
The triangle diagram is of third order in the wave functions so that the meson exchange 
diagrams are suppressed at large momentum transfer by six wave functions while the box 
diagram appears already at fourth order thus being less suppressed than suggested by the 
ansatz ([6]) of Ref . Ijj] . 

For the contact terms (four-meson vertices) we introduce according to the scheme 
9j/ipirD*D — ► 9j/iPttD*d x F c (s) the contact formfactors F c (s) in the following form 



FM 



exp 



+ Pf: 



1 1 

<nM a| + a! 



(10) 
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The formfactors F u (s,t) for the u— channel meson exchange terms are introduced ac- 
cording to the example gj/^D'D* x gD*Dn — > gj/^D*D* x gD*Dn x F u (s,t) with the form 



F u (s,t) = exp 



Pi, cm. J^^j ~^~Pf,c-m. 



1 1 

A| + Af 



A! 
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Analogously, the formfactor F t (s) for the £— channel meson exchange diagrams is intro- 
duced according to the example gj/^DD x gD*Dn — ► gj/ipDD x go* d-k x F t (s,u) with the 
formfactor 



F t (s,u) = exp\ - 



1 1 \ , 2 (I 1 \ , 2q(s,«) 



P?c.m.( A 2 + A2 J +P/,c.m.( A 2 + A |J + A 2 



(12) 



and is related to the F u (s, £) by exchanging u <-> £ and A 3 <-> A 4 . Here the q 2 (s, £) can be 
also rewritten using the Mandelstam variables s, £ and u as 

q 2 (s,£) = ((m 2 -m 2 ) - (m 2 - m 2 )) 2 /4s - £; (13) 
for the £— channel and 

q 2 (s, u) = ((ml - mfj + (m 2 - mfj^j /As - u; (14) 

for the u — channel meson exchange processes. The dependences of the formfactors on 
PicmiP/cm on the transferred momentum q are the same as in the global formfactor case, 
see Eq.flH]). Here we use the phenomeno logical range parameters A* = aA? of the meson- 
quark- ant iquark vertices which shall resemble the ranges of the corresponding meson wave 
functions in momentum space and thus be closely related to the meson masses m,, see Table 
[H The physical meaning of such an approach is to take into account that for high energies 
the cross-section of given process is suppressed due to the lack of time for quark exchange 
between interacting mesons as well as due to the reduction of the overlap of meson wave 
functions. The ansatz of the effective range according to the rule ^1/A 2 + 1/A|^ means 
that in the case of different meson sizes the amount of suppression is dominated by heavier, 
i.e. the smaller meson. Such an ansatz is in accord with the phenomenological Povh-Hufner 



law for total hadron-hadron cross sections 24j- For later use, we introduce additionally a 



common scale factor a to be used in fixing the formfactor by comparison with the RQM 
approach of Ref . [3] . 
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TABLE I: (Color online) Meson masses and range parameters corresponding to the quark- 
antiquark-meson vertices as used in the meson formfactor ansatz of Subsection IIIIBI 

The results are depicted in Figs. [3] and HI In the last Section, we discuss the results and 
their possible implications for phenomenological applications. 
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FIG. 3: (Color online) Left panel: J/tp break-up cross sections in the chiral Lagrangian model 
with Gaussian mesonic formfactors and scale factor a = 1. Right panel: Dependence of the cross 
section for the process J/tp + 7r — > D + D* on the scale parameter a in the mesonic formfactors. 
For a = 1.7 one reproduces the results of the RQM calculation [l|. 



IV. RESULTS 

The J/ip breakup cross sections by ir and p meson impact have been formulated within 
a chiral SU(4) Lagrangian approach including anomalous processes. The use of formfactors 
at the meson-meson vertices is mandatory since otherwise the high-energy asymptotics of 
the processes with hadronic final states will be overestimated as shown in Fig. [TJ From a 
comparison of the results for the global formfactor ansatz with a Gaussian function using 
range parameters A = 1 GeV and A = 2 GeV in Fig. [2] we show that the difference in 
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FIG. 4: (Color online) J/tf] break-up cross sections in the chiral Lagrangian model with Gaussian 
mesonic formfactors and scale parameter a = 1.7. Results from the RQM by Ivanov et al. are 
shown for comparison (symbols). 

the corresponding cross sections above the threshold in the sensitive region of the energies 
y/s ~ 4.5 is about one order of magnitude. This underlines the necessity to improve the 
hadronic formfactor ansatz and to device a method of the calibration of the range parameters. 

In the left panel Fig.[3]we show the energy dependent cross sections for different processes 
using the mesonic formfactor model suggested in 21] , when the range parameters are chosen 
as in Table [B In the right panel of the same Figure we vary the parameter a from 1.0 to 1.7 
in order calibrate this mesonic formfactor model by comparison with the result of Ref. [3] 
for the process J/ip + 7r — > D + D* dominanting at threshold. 

Our calculations show that t he g uess for the range parameters A, successfully reproduces 



the model calculations of Ref. 



13| in the energy range up to yfs ~ 4.4 GeV for values of 



a ~ 1.7 — 2.2, depending on the process considered. 
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After fixing the parameter a = 1.7 we recalculate the cross sections of all other processes 
and show the results in Fig. |H One observes that our calculation gives less suppression than 
the RQM calculation. These calculations allow us to predict dissociation cross sections also 
for the J/ip dissociation by p-meson impact which are not available in the RQM approach 
by Ivanov et al. [ljj. In comparison to the pion impact processes the p meson processes 
dominate by a factor 5—8, basically due to the absence or reduction of the reaction threshold. 

In order to facilitate phenomenological applications of the energy dependent J / ip breakup 
cross sections obtained in this work, we provide a fit in the form suggested by Barnes et al. 



in Ref. [251, 



cr(s) = d max ( J exp(p 2 (l -e/£max)) • (15) 

Here e = \/s — 2M denotes the excitation energy above the threshold, where M = (1713 + 
m±)/2 is the mean value of the final state .D-meson masses. In Table |TT] we present the 
parameter sets obtained from a fit to the J/ip breakup cross sections in the MFCL scheme 
given in Fig. HI For comparison, the fit parameters corresponding to the RQM results 
by Ivanov et al. [3] for pion induced reactions are given in brackets. The value e max 
corresponds to the excitation energy at which the maximum cr max of the cross section occurs 
(if it exists). The parameters pi and p 2 characterize the slopes of the rise above threshold 
and the exponential decay after the maximum, respectively. The latter is a consequence 
of the fact that at increasing c.m.s. energy the overlap between meson wave functions in 
momentum space decreases, which determines the amplitude of the quark exchange pro cess 
(box diagram in the RQM) dominating the result for the cross section. See also Ref. [21] for 
a discussion of this point. 

V. CONCLUSION 

The MFCL scheme developed in the present work removes the ambiguity in the fixation 



of formfactor parameters by comparison with the RQM approach of Ref. [13| and provides 
a basis for predicting further J/i/j absorption cross sections. The first example considered 
in the present work concerns cross sections for breakup processes by p-meson impact which 
turn out to be enhanced by one order of magnitude over those resulting from pion impact. 
This prediction is nicely confirmed by a recent derivation of these cross sections within an 



extended nonlocal RQM [26(. A future application of the MFCL approach can consider, 
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TABLE II: Parameters of the cross section fit ( 1151) applied to the results of the MFCL model and 

n 

those of the RQM by Ivanov et al. [13| (in brackets), corresponding to Fig. UJ 

e.g., J /if} dissociation by nucleon impact on the basis of a corresponding chiral Lagrangian 
calculation [27]. The result of such a work would provide an essential ingredient for the 
study of J /if) suppression in dense nuclear matter as well as for the further analysis of cold 
nuclear matter effects on J / if> production in nuclear collision experiments. 
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APPENDIX A: DIAGRAMS, AMPLITUDES AND COUPLINGS 

1. The process: J/ip(pi,fx) + ir(p 2 ) — ► D(p 3 ) + D{p i ) 



Diagram 


Amplitude 


Coupling 


P3 P2 

V 
/\ 

Pi, /J, p 4 


M« = Axe^plplvl 


A\ — 9j/ipirDD 


P3 P2 

V 

Q ' D* 


Mf = A 2 e^ aP p\p2(p 2 ) a N^(Q) 


. 9j/ipD*D 9d*Dk 
A 2 — 2 

lit rj* 


P3 P2 

>K 

Pi, At p A 


Mf = A 3 e^ a/3 p»p«{p 2 ) a N°Jl(Q) 


. 9j/i>D*D 9D-D-K 

A 3 ~ , 2 
£ — trip* 
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2. The processes: J/^(pi,^) + vr(p 2 ) — ► D*(p 3 ,u) + D(p±),D(p 3 ) +D*(jp±,v) 



Diagram 



Amplitude 



Coupling 



P3, " P2 




Ci — gj/jf, 



nDD* 



Pi, A* Pi 



P3, " P2 



Q 



D* 



Mj?J = C 2 e^e uXpa pMp x 3 p p 2 N%(Q) 



n 9.J/^D*D 9D-D--K 

^2 — 5 

u — mr D * 



Pi, I* Pi 



P3, " P2 

Q 



D* 



Put* Pi 



C 3 ftgavfa)? - 9»v{Pl +P3)a + 2g afl (p 1 ) v ] 

N${Q)(p2+Pa)p 



9j/ipD*D* 9D*Dn 

t — m 2 D * 



P3, " P2 



Q 



D 



M$ = C 4 4 (p 2 )„(p 4 )„ 



n gj/ipDD 9D*Dtt 
(-M — S 



u — m 



D 



PuH Pi 
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3. The process: J/ip(pi, /i) + 7r(p 2 ) — ► D*(P3, v) + D*(p^, A) 



Diagram 



Amplitude 



Coupling 



P3, f P2 




Pi, A* P 4 ,A 



-Sll — 9j/lpTTD*D* 

B\2 = gj/^TvD*D* 



P3, V P2 



Q 



D* 



B 2 e l/7 sa [2^(pi) A - gnx(Pi + Pa)/3 + 2g\p(p4)»] 



D 9j/i)D*D* 9D*D*-k 
-D2 = 5 

u — m D * 



Pi,V p 4 ,A 



P3,V P2 
Q 



M fu\ = B 3 e Xl sa [2gvp{p3)n ~ 9nv{px + Pz)f3 + 2g^(p 1 ) u ] 

n^(Q)pU 



D* 



Pi,V 



P4, A 



B, 



9j/tpD*D* 9D*D*n 

t — m 2 D * 



P3, " P2 



Q 



D 



M % = B^XapPxPA^v 



B\ 



2g.J/^D*D 9D*Dtt 



u — m 



D 



Pl,A^ P4,A 




M { ;J X = Bse^pfplipi) 



B R 



2g,J/^D*D 9d*Dtt 



t — m 2 D 



Pi, A* 



Pa, A 
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4. The process: J/if>(p l fl ) + p(p 2 ,u) — > D(p 3 ) + D(p 4 ) 



Diagram 



Amplitude 



Coupling 



P3 P2,v 




Pun Pa 



fJ,V 



pDD 



P3 P2-.V 



Q 



D 



Pun Pi 



Mj?J = G 2 4(p 3 UP4)» 



n _ 9j/^DD 9DDp 

(j-2 — 5 

u — m D 



P3 P2, " 

Q 



D 



Pun 



pi 



M$ = G 3 A(p 3 ),(p 



n _ 9j/ipDD 9dd p 
Cra — : n 



t — m 2 D 



P3 P2,V 



Q 



D* 



M<$ = G^ paa e^p^ 2 p p 3 pjN^(Q) 



n _ 9j/ipDD* 9d*d p 

LlA — K 



u — m 



D* 



Pun Pi 



P3 



P2-.V 




= G 5 e upaa e^p x lP °p^N^(Q) 



9j/ipDD* 9D*Dp 



t — m 2 T 



D* 



Pun 



Pi 
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5. The process: J/i/ifa, /i) + p(p 2 , v) — ► D*(p 3 , A) + D(p A ), £>(ps) + D*(p A , A) 



Diagram 



Amplitude 



Coupling 



P3,A P2,^ 




Pi, A* P4 



-f^ll — 9j/ippD*D 
H\2 = gj/iPpDD* 



P3 P2,V 



Q 



D* 



Hie^a [2g X /3(p3)u - g\v{P2 + Pz)f3 + 1{p2)\9vfi_ 

n d* (Q)pipI 



tt 9pD*D* 9J/ipD*D 
n? = „ 



u — m 



D* 



Phfi P4 



P3, A P2, V 

Q 
D* 

Px,fi p 4 



M au\ = H 3 e upaa [2^(ps)/i - 9\p(Pi + Ps)p + ZgppiP 



1 A. 



u 9j/^D*D* 9pD*D 

n-i = 2 

t — m z D * 



P3,\ P^ V 



Q 



D 



M !S\ = H A 6 vXa pP2P3{P±)» 



H 4 



^9j/-4>dd 9pD*d 



u — m 



D 



Pl,H Pi 



Pa, A P2, v 




M !Sx = Hse^xapPiPsiPi) 



^9j/ipD*D 9pDD 

t — m 2 D 



Pi,H Pi 
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6. The processes: J/^(pi,^) + p{p 2 ,v) — ► D*(p 3 ,X) + D*(p 4 ,p) 



Diagram 



Amplitude 



Coupling 



P3,A P2,V 




M pJx P = K i [ 2 9^9 P X - 9h>9u\ ~ 9px9v P ] 



Kl — 9j/ippD*D* 



Pi, A* P4,P 



p 3 ,X Vi,v 

Q Id* 



Phfi Pt,P 



M, 



(2) 



pvXp 



K 2 [25f pQ (p 4 ) M - g w {pi + p 4 ) a + 2g m {px) p ] 

[%9(3x{pz)v - 9vx(P2 +P3)f3 + 2gp v {p2)\] 



T r _ 9j/^D*D* 9pD*D* 
-ft 2 — 5 

u — m D , 



p 3 , A P2, v 

Q 



M. 



(3) 



pvXp 



Zgxaip?,)^ - (Pi +P3)a5 , M A + ^aPl 



[2gi3p{Pi)v - ^ P (P2 + Pjlg + 2flfl„(p2) 



Pl,P 



P4,P 



9j/i>D*D* 9pD*D* 



P3,A P2,^ 



M i?Ap = K^wapev\j6PlP2P3Pi 



K A 



9j/ipD*D 9pD*D 



u — m 



D 



Pi, A* P4,P 



P3, A P2, V 



D 



M pJx P = K b e^xape vpi 8PiPlp1pi 



9.)/j)D*D 9pD*D 

t — m 2 D 



Pl,p 



P4,P 



APPENDIX B: COUPLING CONSTANTS 



Here we summarize the values of the coupling constants occuring in the amplitudes of 
the Appendix [A] They correspond to those given in Ref. 
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Coupling constants Value 



9j/^nDD 



16.0 GeV- 3 



9j/tpnDD* 33.92 

9j/i!>ttD*d* 38.19 GeV" 1 

9j/-4> p dd 38.86 

Qj/iPpDD* 21.77 GeV -1 

9j/^ p d*d* 19.43 

9j/ipDD 7.71 

9j/^d*d 8.64 GeV" 1 

9j/^d*d* 7.71 

<?d*d*- 8.84 

<? D * D * W 9.08 GeV- 1 

9dd p 2.52 

SD*Dp 2.82 GeV" 1 

9d*d* p 2.52 



TABLE III: Values for the coupling constants introduced in the amplitudes for the processes given 
in Appendix [Al 
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